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Introduction
Lung cancer is one of the leading causes of death. 1 It usually arises as a solid nodule or mass on chest radiography or computed tomography (CT). Although many well known characteristics have been described for nodule differentiation on CT, it remains a challenge for radiologists to differentiate lesions as malignant or benign. [2] [3] [4] [5] In recent years, fluorine-18 fluorodeoxyglucose positron emission tomography (PET) has been used for this purpose. Both CT and PET deliver high doses of radiation. In addition PET has been known to give false-positive results in inflammatory masses. [6] [7] [8] [9] For these reasons, an accurate and safe alternative method is still desirable for the determination of malignant versus benign pulmonary lesions.
Recent advances in fast imaging techniques like echo-planar imaging, makes magnetic resonance imaging (MRI) more suitable for chest applications. [10] [11] [12] There are reports using dynamic contrast MRI of lung masses. 13, 14 Diffusion-weighted magnetic resonance imaging (DWI), initially used in the central nervous system, has been increasingly applied in other body areas, such as the mediastinum 15 , pancreas 16 , and liver. 17, 18 The aim of our study was to determine whether quantitative analysis of DWI could be helpful in the differentiation of malignant and benign pulmonary lesions.
tive study according to our entry criteria. The entry criteria were: (a) presence of a solid pulmonary lesion. In the case of ground glass opacity (GGO) with the solid part on CT images, the GGO part was avoided to the extent possible and the solid part was measured on DWI with the reference of CT images, since air itself in GGO might reduce the true apparent diffusion coefficient (ADC) value of the lesion. 18 Lesions containing large amounts of necrosis and calcification were also excluded; (b) lesion size >10 mm in diameter in view of the limited planar resolution of DWI; (c) presence of a specific proven diagnosis of the lesion either histopathologically or by using clinical, radiologi- 
Patients and methods

Patients
The study was approved by our institutional review board and protocol review committee. Because the tests used were a part of the routine clinical workup of these patients, the informed consent was not required by the review board. We obtained a blanket consent from all patients for the use of their findings for research and educational purposes, with patient privacy secured.
From March 2009 to July 2010, 66 consecutive patients (49 males, 17 females) with 67 lung lesions found on CT were included in this prospec-cal and laboratory data or based on at least 1-year radiological follow-up; (d) no current administration of chemotherapeutic or radiotherapeutic treatment; (e) absence of any contraindications for MRI; and (f) ability of patients to lie still and hold their breath approximately 26 seconds in the MRI unit.
Biopsies of lung lesions were carried out by the radiologist (EÇ) in the interventional radiology department of the same hospital. MRI was performed on these patients on the same day but before the percutaneous biopsy in order to avoid hemorrhage-related distortions.
The study was carried out according to the Helsinki Declaration.
MR Imaging
All patients were examined with a 1.5 Tesla MR unit (Gyroscan Intera; Philips Medical Systems, Eindhoven, The Netherlands) using a four-element phased-array body coil. This system had a maximal gradient strength of 30 mT/m and a slew rate of 150 mT/m/msec. All patients were examined initially with the routine MRI protocol for the thorax that included: precontrast axial T1-weighted (W) breath-hold spoiled gradient echo (fast field echo: FFE) (TR/TE/FA/NEX:169/4.6/80/1) and coronal and axial T2-W single-shot turbo spin-echo (TR/TE/ NEX/TSE factor: 700/80/1/72). Subsequently, three series of axial single-shot spin-echo echo-planar (SS-SE-EPI) DWI (1,000/81; echo-planar imaging (EPI) factor, 77; sensitizing gradients in x, y, and z directions) were acquired using b = 0, 500 and 1000 s/mm² values. ADC maps were reconstructed from the b = 0 and b = 1000 s/mm² images. MRI, including DWI, consisted of a multisection acquisition with a slice thickness of 6 mm, an intersection gap of 1 mm, and an acquisition matrix of 128 × 256. All sequences were acquired using a partially parallel imaging acquisition and SENSE (sensitivity encoding) reconstruction with a reduction factor (R) of 2. The scanning time of the acquisition of each DWI series during a single breath-hold was 26 seconds.
Quantitative analysis
Quantitative measurements were made using a dedicated Workstation (Dell Workstation Precision 650, with the View Forum software platform provided by Philips Healthcare). All images were assessed by two radiologists (SG, NI) who were blinded to the clinical history of the patients. First, CT images were evaluated in order to assess the calcification, necrosis and GGO components. CT scans were also evaluated for contour characteristics of the lesions (irregular or smooth) and concomitant interstitial findings were recorded. Those findings were compared with the DWI findings. The range of interval between the CT and MRI examinations was 0-10 days (mean, 5. 6 days). Then, the lesion was visualized once more on the conventional T1-W and T2-W MRI in terms of location, size and content of cystic-necrotic parts to detect interval changes since the time of the CT scan. These conventional images were only used for the lesion identification and not for the analysis. Afterwards, signal intensity (SI) of the lesion was measured for each b value (0, 500 and 1000 s/mm²) on DWI using a round or elliptical region of interest (ROI). The ROI was placed centrally, and the size of the ROI was kept as large as possible, covering at least two-thirds of the lesion, yet avoiding the interference from the surrounding lung tissue, necrotic parts and major blood vessels. ADCs were then calculated from the ADC maps that were reconstructed from b = 0 and b = 1000 s/mm² values.
Statistical analysis
SIs and ADCs were compared between the groups. The fitness of numeric data set to normal distribution was determined using the KolmogorovSmirnov test. The data were normally distributed, so the differences in SIs and ADCs were analyzed using the Student-t test. A p value of less than 0.05 was considered statistically significant. To evaluate the diagnostic performance of the quantitative tests for differentiating malignant and benign lesions and to describe the sensitivity and specifi- city of the tests, receiver operating characteristic (ROC) analysis was performed. The optimum cutoff value was determined as the value that best discriminates between the two groups in terms of maximum sensitivity and minimum number of false-positive results. All statistical analyses were performed using the statistical software SPSS.
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Results
The mean age of all patients was 64 ± 21 years (range: 41-83 years). The mean age of the patients in the benign group was 61 ± 19 years (range: 41-72 years) and in the malignant group was 66 ± 21 years (range: 44-83 years). The difference in age between groups was not statistically significant (p = 0.5). The mean diameter of masses for the entire group was 33 ± 18 mm. The mean diameter of malignant lesions was 37 ± 19 mm (range: 20-130 mm) and of benign lesions was 25 ± 15 mm (range: 15-60 mm), respectively. The difference in diameter between groups was statistically significant (p = 0.005). Except for one patient who had two nodules (the primary tumor and its pulmonary metastasis), one lesion was measured in the remaining patients.
Of the 67 lesions, 48 were malignant and 19 were benign ( Table 1 included 13 adenocarcinomas, 5 squamous-cell carcinomas, 2 large-cell carcinomas, and 22 unidentified NSCLCs that could not be subgrouped in any of these. Eleven of the malignant lesions were poorly-differentiated, the others were medium-or well-differentiated. The benign lesions consisted of 9 chronic inflammatory changes, 3 sarcoidosis, 2 acute bacterial pneumonias, 2 tuberculosis pneumonias, 1 rheumatoid nodule, 1 granuloma, and 1 hamartoma.
In 51 patients, the final diagnosis was made by histopathological confirmation on the basis of percutaneous biopsy, and included 48 primary lung cancers, 2 nonspecific inflammatory changes and 1 hamartoma. The diagnosis was confirmed with laboratory, radiological and clinical parameters in 3 sarcoidosis, 2 bacterial pneumonias, and 2 tuberculosis pneumonias. In sarcoidosis patients, the lesions regressed with a specific treatment. Two tuberculosis (Mycobacterium tuberculosis) and 2 bacterial pneumonia cases were diagnosed bacteriologically. In 9 patients (1 granuloma, 1 rheumatoid nodule and 7 chronic inflammatory changes) lesions remained stable on follow-up CT for 12 months or more.
We could obtain DWI SI and an ADC value for all lesions. The results of the quantitative analysis of SIs and ADC values are reviewed in Table 2 . The mean SI of malignant lesions was higher than that of benign lesions (Figure 1, 2) . The difference between malignant and benign lesions was significant for all b values (p < 0.004 for b = 0 s/mm² and p < 0.000 for the other b values) (Figure 3 ). The area under the ROC curve was 0.933 ± 0.031 for the SI on images with b = 500 s/mm². Using b = 500 s/ mm², a SI ≥391 indicated a ma lignant lesion with a sensitivity of 95%, specificity of 73% and positive predictive value of 87%. Six among 48 malignant lesions (4 NSCLCs and 2 SCLCs) revealed SIs <391, which could be confused as benign.
For the SI on images with b = 1000 s/mm², the area under the ROC curve was 0.831 ± 0.055. A SI ≥227 with b = 1000 s/mm² indicated a malignant lesion with a sensitivity of 93%, specificity of 69% and positive predictive value of 85%. Seven among 48 malignant lesions (6 NSCLCs and 1 SCLCs) re- vealed SIs <227 which could be confused as benign. Among the benign lesions, 1 sarcoidosis and 1 acute bacterial pneumonia had SI higher than the cut-off value on DWI with both b = 500 and b = 1000 s/ mm². A patient with a chronic inflammatory lesion had a SI higher than the cut-off value only for b = 1000 s/mm². Although the mean ADC of the malignant lesions (1.5 x10 -3 mm 2 /sec) was lower than of the benign group (1.9 x10 -3 mm 2 /sec), the difference was not statistically significant (p < 0.675).
The results of the subgroup quantitative analysis are reviewed in Table 3 . When we analyzed the malignant lesions in accordance with the histologic differentiation, the SI of poorly-differentiated cancers was higher for all b values, but statistically a significant difference was observed only with b = 1000 s/mm² (p < 0.04). Although the ADC of poorlydifferentiated lesions was lower than of the medium-well differentiated lesions, the difference was not statistically significant (p < 0.240). A comparison of the NSCLCs and the SCLCs demonstrated that the SIs of SCLCs were higher than those of NSCLCs. Although the ADC value of the SCLCs was lower than the ADC value of the NSCLCs, the difference was not statistically significant (p < 0.464) ( Table 4) .
When we compare CT images with the DWI, all of the malignant lesions had irregular contours on CT images. Of the benign lesions 16 had also irregular contours but 3 (1 rheumatoid nodule, 1 granuloma, and 1 hamartoma) had smooth contours. The difference was not statistically significant (p = 0.3). Lymphangitic tumoral spread as irregular septal thickening was detected as a concomitant interstitial finding in 6 of the malignant masses on CT images.
Discussion
The aim of DWI is to evaluate the diffusion process in vivo. ADC values are quantitative expressions of the diffusion characteristics of tissues. These characteristics are related to several factors such as tissue cellularity, cell density and extracellular-intracellular components. 16 DWI has been an important diagnostic tool for neuroradiology, especially for ischemic events of the brain. 19 Although DWI has been used to differentiate malignant and benign lesions in several other locations, there are few studies about the intrathoracic lesion characterization. 20, [21] [22] [23] [24] [25] [26] [27] In our study, we found SIs of malignant masses on diffusion trace imaging were significantly higher than of benign masses with low (b = 500 s/mm²) and high (b = 1000 s/mm²) b values. In the study of Uto et al. the SI ratio of malignant lesions to the spinal cord was found higher than that of benign lesions. 21 Satoh et al. also found a higher qualitative score in SI of malignant versus benign masses but they did not measure quantitatively. 22 In our study, the patient population was larger than in these two studies.
Although malignant lesions showed lower ADC values than benign masses in our study, the difference was not significant. One reason may be the use of fixed TRs, due to which the DW series were acquired in different phases of the cardiac cycle. Therefore, DW images of different patients may have been affected differently by the pulsatile motion. Another reason may be the distortion artifacts, which limited the reliability of the ADC measurements for small and low-lateral segmental lesions. In the literature, some studies did not evaluate ADC values probably because of susceptibility artifacts. 22, 25 Uto et al. found no significant difference between malignant and benign lesions by means of ADC. 21 Mori et al. found a significant difference between malignant and benign lesions by using an ADC cut-off value of 1.1x10 -3 mm²/sec. 23 The large number of patients may be the explanation for this result. Liu et al. reported that ADC values in malignant lesions were significantly lower than in benign lesions. 24 In the same study, there was no significant difference between malignant and benign lesions in DWI SIs. Histopathologically, tumoral cellularity of SCLC is high, and these tumoral cells have very large nuclei and almost no cytoplasm. 28 All these features were expected to restrict the tissue diffusion and reduce ADC values. In our study, the SI of SCLC lesions was higher than of the NSCLC subgroup but the difference was significant only with b = 0 s/mm². Thus, hyperintensity of lesions may be related to the T2 shine-through effect. Although ADCs were lower in the SCLC subgroup, the difference was not statistically significant. This may be because of the limited number of patients (n=6). In their study of tissue characterization in lung cancers, Abdel Razek et al. found significantly lower ADC values for SCLC when comparing with NSCLC groups in a similar patient population. 26 Liu et al. also found lower ADC values for the SCLC than the NSCLC group. 24 However, Koyama et al. found no significant differences between subtypes of lung cancers. 27 In our study, SI of poorly-differentiated malignant masses was higher than of medium-well differentiated masses on all trace images and the difference with b value of 1,000 s/mm² was statistically significant. ADC values were lower in the poorlydifferentiated subgroup although the difference was not statistically significant. Histologically, tumor cellularity is higher in the poorly-differentiated cancers which could explain the low ADC values. 29 Similar results of significantly lower ADCs in poorly-differentiated adenocarcinomas compared medium-well-differentiated cancer types are reported in the literature and are in accordance with our findings. 20, 26, 30, 31 When compared with CT images, contour characteristics of the lesions cannot be assessed with DWI but it does not seem to be a significant disability because contour characteristics are not reliable in differentiating malignant and benign lesions. On CT images lymphangitic tumoral spread was detected as a concomitant interstitial finding in some of the malignant masses. This finding is very helpful to estimate the malignant character of the lesion. The sensitivity and specificity achieved by DWI suggest it could be used for malignant versus benign differentiation. However, the inability of MRI to properly assess the interstitium and lymphangitic tumoral spread is a limitation for predicting malignancy. In addition, although just primary lung cancers are involved into our study, it must be kept in mind that calcified metastases such as those from osteosarcoma may be difficult to detect because of relatively lower proton density resulting in low signal intensity.
Our study had some technical limitations. The use of DWI in the thorax was hindered by certain limitations such as physiologic motion artifacts (respiration and cardiac motion), low signal-tonoise ratio (SNR) of the low lung proton density and the susceptibility artifacts caused by air-tissue interfaces. 18 We used the EPI sequence with high b values, which had a lower SNR, thus resulting in greater image distortion. In addition, we obtained DW images using a breath-hold echo-planar sequence with SENSE and this made the measurements vulnerable to susceptibility effects. We did not use pulse-triggered DWI, known to reduce the accuracy of ADC measurements. 18 Finally, the patient population, especially the benign subgroup, was relatively small, which might compromise the accuracy of the results.
In conclusion, DWI may be used to differentiate malignant and benign lung lesions in addition to other radiologic imaging techniques even with high b values such as b = 1000 s/mm². DW trace image SI, together with ADC measurements is useful for the differentiation of malignant versus benign lung lesions.
